Crystallographically oriented yet morphologically squiggly nanoscale ZnO architecture was produced through epitaxial growth by using a simple aqueous solution system. Specific adsorption of pyranine, an organic dye molecule having three sulfonic groups, suppressed regular growth in the c direction, and thus induced lateral growth of winding ZnO nanowires with diameters ranging from 20 to 100 nm on a single-crystalline ZnO (001) substrate. Although resultant wool-like structures consisted of tangled wires, the crystalline lattice of the whole architecture was found to be continuous and have six-fold symmetry originating from the single-crystalline substrate.
Introduction
Wurtzite-type zinc oxide (ZnO) is an attractive material because of its versatile properties, such as optical transparency, electron conductivity, piezoelectricity, and near-UV emission. Control of the nanoscale morphology of ZnO crystals received remarkable attention for the development of electrical, optical, and magnetic performance. In particular, one-dimensional (1D) shapes, including nanorods, nanowires, and nanobelts, have stimulated much interest due to their unique properties and great potential for application to electronic and optoelectronic devices.
1)-5) Moreover, precision assembly of the nanostructures is as important as is the control of the crystallinity and crystallographic orientation. Arrays of ZnO nanorods and nanocolumns were achieved through directed crystal growth on various kinds of substrates through vapor-and liquid-phase routes.
6)-14) Epitaxial growth for preparation of crystallographically oriented ZnO structures was performed on sapphire, 2) single-crystalline gallium nitride (GaN), 11) and ZnO substrates using physical vapor deposition techniques 12),13) and a wet chemical method.
15)
The morphology of ZnO nanocrystals could be drastically varied with the addition of various water-soluble organic molecules with carboxy and sulfonic groups in an aqueous system. 9),10), 16) Especially, particular winding nanowires were formed in the presence of pyranine under a basic condition. 17) However, the crystallographic orientation of ZnO crystals was not directed in the nanostructures grown on polycrystalline substrates.
In this paper, the combination of epitaxial growth and morphological variation with an organic molecule was utilized for the production of crystallographically oriented nanoscale architectures. A unique ZnO nanostructure having crystallographic symmetry yet nanoscopically winding complex morphology was formed in a solution system including a single-crystalline ZnO substrate and a specific organic molecule with sulfonic groups. 14) a limited range of R was found to be suitable for the investigation of the morphology of ZnO grown on a substrate through heterogeneous nucleation. After adjusting the pH value to 9.5 or 11.0 by the addition of a 5.0 M NaOH aqueous solution, pyranine (8-hydroxy-1,3,6-pyrenetrisulfonic acid trisodium salt; Kanto Chemical, 98.0%) was added to the stock solution (pH 11.0) at a fixed molar ratio (Ra = The morphologies and detailed microstructures of the crystals grown on the substrates were observed with a Hitachi Ltd., S-4700 field-emission scanning electron microscope (FE-SEM) and a FEI TECNAI F20 field-emission transmission electron microscope (FE-TEM). In-plane X-ray diffractometry (XRD) was performed with a X'Pert-Pro-MRD (PANalytical (Philips)) using Cu Kα radiation in order to investigate the crystallographic orientation of the grown crystals.
Experimental procedure
[
Results and discussion
Wurtzite-type crystalline ZnO crystals were grown at pH ranging from 9.5 to 11.0 in a ZnSO4-NH4Cl aqueous solution at 60°C. As reported in our previous work, nanometric rods were densely grown on the surface on a Zn-face ZnO single crystal ( Fig. 1(a) ).
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The perfectly oriented arrangement of the hexagonal habits with six-fold symmetry suggests that the ZnO rods grown on the ZnO substrate had the same crystallographic orientation and that the epitaxial growth was performed in an aqueous solution. A positively charged bare Zn face would be suitable for the epitaxial growth of ZnO in this wet system. As shown in Figs. 1(b-d) , a wool-like morphology consisting of winding nanowires was grown on the substrate in the presence of pyranine. The nanowires, whose width ranged from 20 to 100 nm, spread over the substrate with lateral growth parallel to the surface ( Fig. 1(d) ). Although a nanoscale granular structure was observed on the wire surface ( Fig. 2(a) ), the crystalline lattice was found to be continuous in the [100] and [110] directions of wurtzite-type ZnO (Fig. 2(b) ). This feature of the single nanowire was fundamentally the same as those of nanowires grown on a polycrystalline substrate, whereas the orientation of each wire was random in our previous work. 17) A grazing incidence X-ray diffractometry (GI-XRD) measurement 18)-20) (Fig. 3(a) ) was performed for the evaluation of the crystallinity of the wool-like ZnO nanowires grown on the single-crystalline ZnO substrate. ZnO {100}, which is perpendicular to the substrate surface, is used as the diffracting plane. As shown in Fig. 3(b) , only the (100) and (200) peaks assigned to wurtzite-type ZnO (JCPDS36-1451) were observed in the GI-XRD θ-2θ patterns for both samples. The full width at half maximum (FWHM) of the peaks for the wool (b-1) was larger than that for the substrate (b-2). The crystallite size was estimated to be 23 nm, which was almost consistent with the width of the grown nanowires, from FWHM of the broadened (100) peak by using Scherrer's equation. These facts suggest that the diffraction signals from the grown layer were independently detected in this measurement. The presence of the (100) peaks for the grown layer indicates that the c direction of all the nanowires was perpendicular to the surface, as was the case for the singlecrystalline substrate. The GI-XRD φ scans were performed for the {100} family of ZnO lattice planes (Fig. 3(c) ). The diffraction pattern with the φ scan for the single-crystalline ZnO substrate shows the intense 60° interval symmetry due to the hexagonal structure. Interestingly, the wool-like structure was also suggested to have six-fold symmetry, whereas the peaks were very weak and one of the peaks (★) was not observed in the profile. Therefore, the nanowires exhibiting a winding or bending morphology have a crystallographic symmetry similar to a single crystal. The broadening of the diffraction peaks for the nanowires is ascribed to the strain in the wired crystal. The difference of the peak intensity and the lack of a peak (c-2) are attributable to the distortion of the basal substrate, because the intensity of the six {100} diffractions also varied for the single crystal (c-1). In consequence, the resultant wool-like structures consisting of winding nanowires possessed six-fold symmetry originating from the single-crystalline substrate.
As reported in the earlier paper, 17) the crystalline units in the ZnO nanowires were found to be covered with pyranine molecule. Specific adsorption of the organic molecule having three sulfonic groups on the (001) plane suppressed the regular growth in the c direction and thus induced the lateral growth as a wire. Figure 4 shows that small particles with a diameter of ca. 50 nm were grown on the surface of the substrate at the initial stage of the wire formation. Thus, the small particles were created on the substrate because the normal growth would be restricted with the adsorption of the specific organic molecule. However, worm-like crystals were found to be grown from several particles formed on the substrate (Fig. 4(a) ). This suggests that lateral growth of ZnO crystal could resume due to the imperfection of the coverage with the molecule on the particles. Then, wires evolving from the worm-like crystals spread over the other particles (Fig. 4(b) ). Since the nanowires run over previously grown veins of ZnO crystal, a stacked architecture having an approximate thickness of several hundreds of nanometers, such as wool, was formed in the progressive stage. Although the wires had a granular morphology, the nanoscale units were crystallographically connected to each other. Finally, the wool consisting of nanowires epitaxially grown on a single crystal had a hexagonal symmetry. This fact suggests that the crystalline lattice of the winding nanowires was continuous in the whole architecture on the substrate, regardless of the squiggly morphology.
Conclusions
Wool-like architectures consisting of nanowires whose diameter was ranging from 20 to 100 nm were obtained through epitaxial growth with regulation of an organic molecule in a ZnSO4-NH4Cl aqueous solution at 60°C. Although nanowires exhibited a winding and bending morphology, six-fold symmetry of the crystal lattice suggests that the nanowires were crystallographically connected in the nanoarchitectures. This result could provide a unique type of nanomaterials with high crystallinity, which are suitable for smart sensors and electrodes. Fig. 4 . FE-SEM images of ZnO nanostructures growing on the surface at the initial stage, (a) tilted view around the interface between the substrate and the grown layer, marked with a white broken line and (b) typical overviw of the area wholely covered with the growing crystals on the substrate.
